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Feedback from massive stars plays a critical role in the evolution of the Universe by driving pow-
erful outflows from galaxies that enrich the intergalactic medium and regulate star formation.1 An
important source of outflows may be the most numerous galaxies in the Universe: dwarf galaxies.
With small gravitational potential wells, these galaxies easily lose their star-forming material in
the presence of intense stellar feedback.1, 2 Here, we show that the nearby dwarf galaxy, the Small
Magellanic Cloud (SMC), has atomic hydrogen outflows extending at least 2 kiloparsecs (kpc) from
the star-forming bar of the galaxy. The outflows are cold, T < 400 K, and may have formed during
a period of active star formation 25−60 million years (Myr) ago.3, 4 The total mass of atomic gas in
the outflow is ∼ 107 solar masses, M, or ∼ 3% of the total atomic gas of the galaxy. The inferred
mass flux in atomic gas alone, M˙HI ∼ 0.2−1.0 M yr−1, is up to an order of magnitude greater
than the star formation rate. We suggest that most of the observed outflow will be stripped from
the SMC through its interaction with its companion, the Large Magellanic Cloud (LMC), and the
Milky Way, feeding the Magellanic Stream of hydrogen encircling the Milky Way.
The SMC, at a distance of 60 kpc,5 provides an excellent laboratory to study feedback in an interacting
gas-rich dwarf galaxy with sensitivity and resolution that is unattainable almost anywhere else in the
Universe. Using Australian SKA Pathfinder (ASKAP) commissioning data in the 21-cm line of atomic
hydrogen (H I) we have imaged the SMC at 35′′×27′′ resolution across a 5.3◦×5◦ field-of-view, revealing
extensive cold gas outflows from the galaxy. An image of the peak H I brightness is shown in Figure 1.
The resolution of this image is the highest ever achieved in H I on this field, revealing features that are
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ten times smaller in area than previous images. The gaseous structure of the main body of the SMC is
described by two dominant regions as marked on Figure 1: the so-called bar, extending from the north
to the south-west, and containing the majority of the dense gas and star formation and the wing, which
extends in the direction of the LMC.6 The bar, as traced by Cepheid variables, is extended along the
line-of-sight with the closest part to the north at a distance of 57−63 kpc and containing the younger stars
(< 150 Myr), with the south-western region at > 63 kpc and older.5
Our data have revealed an extensive network of exo-galactic H I features at distances up to 2 kpc
from the main body of the SMC. These features are both spatially and kinematically anomalous. They
can be characterized into three loose categories: comet-shaped head-tail clouds; enormous looping H I
filaments; and compact high-velocity clouds at velocities deviating up to 65 km s−1 with respect to the
rest of the SMC emission. The majority of these features lie to the North-West and North-East, with
comparatively little exo-galactic structure to the South, apart from the well-known SMC Wing. Some of
the most distinctive features are described below and shown in the multi-colour spectral channel images
displayed in Figure 2.
Examples of all three feature categories are shown in Figures 2 and Figure 3. Some spatially narrow,
comet-shaped structures appear as distinct features to the north of the Bar (Figure 2, v = 105−113 km s−1).
These cometary structures lie between ∼ 1.5 kpc and 2.6 kpc from the bulk of the SMC H I emission
at these velocities. The head-tail structures are oriented radially away from the SMC bar with highly
discrepant velocities, typically blue-shifted by ∼ 50 km s−1 with respect to the rest of the H I nearest
those positions. Some features show strong velocity gradients of ∼ 20 km s−1 kpc−1. These features have
plane-of-sky widths, at a distance of 60 kpc, as narrow as 10−20 pc. Spectra through most of the filaments
shown in Figure 2 show unresolved velocity linewidths (∆v < 3.9 km s−1), indicating temperatures of
T < 400 K. Tracing the ridge of the filamentary emission back towards the SMC bar points towards
some of the brightest star-formation areas of the SMC Bar (Figure 3). The individual narrow, filamentary
features shown in Figure 2 have H I masses in the range 4.2−9.4×104 M.
Some of the filamentary features appear to be parts of fragmented shells. Those visible to the north-
east of the SMC Bar in Figure 2 (v = 129− 136 km s−1) form a supershell approximately 2 degrees
(2.1 kpc) in diameter. To the north-west of the SMC bar there is more extended H I that is spatially
and kinematically distinct from the rest of the SMC, visible in Figure 1 & 2 (v = 105−113 km s−1 and
v = 144−152 km s−1), centered around (α , δ ) ≈ 00h44m, −71◦00′. The top part of the feature is located
more than 1.9 degrees (2 kpc) from the peak of the SMC H I emission within the Bar and has a total H I
mass of 2.2×106 M.
In addition to features extending perpendicular to the Bar, we observe seven H I clouds at locations
behind or in front of the main body of the SMC, with anomalously high velocities. These clouds have
deviation velocities of 35 km s−1 < |vdev| < 65 km s−1, where the deviation velocity is the difference
between the cloud velocity and SMC rotational velocity along that sight line.7 Three examples are seen as
faint, compact clouds in Figure 2 (v = 179−187 km s−1). The high-velocity clouds are small (∼ 10−30
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pc) with low peak brightness temperatures of T ∼ 4−10 K. These clouds have masses in the range 600 to
4.5×104 M, with a median mass of ∼ 6000 M. Unlike the filamentary structures, all of these clouds
have extended velocity widths, on the order of 20− 30 km s−1. The compact size of these features at
deviation velocities similar to the filaments and with linewidths comparable to the velocity gradients leads
us to believe that these could be filaments viewed nearly end-on, such that their velocity gradients are
projected as radial velocities.
Anomalous velocity, exo-galactic H I features can have two obvious origins: either outflowing or
accreting gas. Examples of the former include the stellar wind and supernovae-driven arches of H I
and dust emission that are observed high above the Milky Way disk8, 9 and edge-on galaxies such as
NGC 891.10, 11 These can even show head-tail shapes. Morphologically similar structures are seen as
outflow in simulations of feedback in galaxies.1 Accreting gas structures, such as high velocity clouds, can
have similar morphology, such as the Smith Cloud, which is known to be falling in to the Milky Way.12
Resolving the outflow or infall nature generally relies on either matching the kinematic and geometric
properties of the features to infall or outflow models, or clear associations with star formation activity
within the galaxy.
In some locations the SMC exo-galactic structures appear to emanate from within the galaxy. This
supposition is supported in particular with very faint Hα emission, as observed by the Magellanic Cloud
Emission-line Survey (MCELS),13, 14 revealing breaking shells of emission and faint tendrils that extend
away from the galaxy towards both the North-West and North-East of the Bar (Figure 3). Some of these
faint Hα tendrils trace the eastern-most edge of the H I structure described above as a non-continuous H I
shell at v∼ 130 km s−1 and containing the ”green hook”. This structure is a clear indication of an extended
star-formation driven supershell, very much like those observed in the Milky Way and NGC 891.10, 11
The > 2 kpc diameter broken H I + Hα shell is similar in morphology with the extensive population
of H I supershells observed within the main gas distribution.15 Similar morphologies are predicted by
simulations of galaxy feedback,1 where the gas distribution is dominated by erupting shells and supershells
whose column density decreases with increasing distance from the galaxy.
Further evidence of outflow is in the integrated H I spectrum measured in the full area to the northwest of
the SMC bar. The spectrum shows a red-shifted line-wing extending from LSR velocity vLSR∼ 190 km s−1
to vLSR ∼ 250 km s−1. The H I in this wing blends smoothly into the main H I profile, suggesting an origin
within the galaxy. The minimum escape velocity of the SMC, if it were isolated, is Vesc ≈
√
2vcirc ≈ 85
km s−1, where vcirc = 60 km s−1.7 If the entire outflow were directed along the line-of-sight, then gas at
vLSR > 212 km s−1 would escape. Given the SMC Bar is inclined at i≈ 40◦, the total velocity magnitude
for gas outflowing perpendicular to the Bar is likely larger than that measured as the radial velocity.
Together these pieces of evidence: association of some H I features with Hα emission; morphological
similarities to previously identified H I shells and supershells within the SMC15; extended H I line-wing;
and morphological similarity of some features with outflows in simulations of galaxy feedback1 strongly
suggest that the exo-galactic H I around the SMC is the result of an outflow. The total exo-galactic H I
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mass to the North of the galaxy is M = 1.3×107 M, ∼ 3% of the total H I mass of the SMC.16 We have
restricted our mass measurement to the Northern side of the galaxy to avoid confusion with the Magellanic
Bridge to the South, but this means that our mass is a lower limit as we have only measured the mass over
50% of the volume available. If we assume that the outflow is roughly isotropic, our measurement likely
under-estimates the total exo-galactic mass by a factor of ∼ 2.
The measured deviation velocities of the filaments and high velocity clouds imply outflow velocities
in the range of 35−60 km s−1. Assuming the exo-galactic gas is supershell-related with a radial scale
of 1− 2 kpc, this assumption is supported by the measured relationship between shell radius, Rs and
expansion velocities, Vexp, for SMC H I shells.17 Given Vexp = 35− 60 km s−1 and exo-galactic gas
reaching 2 kpc, the timescale for launch (assuming constant velocity) is on the order of 33−56 Myr. The
star formation history of the SMC indicates a recent burst of star formation (0.1 M yr−1) 25−60 Myr
ago,3, 4 predominantly in the Northern end of the Bar where the H I features are most prevalent. This is
fully consistent with our rough estimate for the age of the H I features.
If the majority of the measured ∼ 1.3×107 M of H I mass originated in the most recent burst of
star formation, 25−60 Myr ago, the total H I mass flux is M˙HI ∼ 0.2−0.5 M yr−1. Values towards the
higher end of the range are more likely because the timescale for the formation of features (20 - 35 Myr),
together with expectations for the lifetime of exo-galactic H I, favor mass expulsion in a more recent burst.
The H I mass flux is a lower limit because we only measure over a limited field-of-view within a radius of
∼ 2.5 kpc around the SMC. Folding in uncertainties related to the limited volume sampled we estimate
that the H I mass flux is likely higher, M˙HI ∼ 0.2−1.0 M yr−1.
In an isolated galaxy some ejected H I mass would return to the galaxy as so-called fountain material
unless it exceeds the escape velocity.2 The mass within the extended line-wing (Figure 5) that is strictly
beyond the escape velocity is 2.5×106 M, but given outflow at an assumed inclination of i≈ 40◦7 that
increases to 5×106 M, almost 40% of the total H I exo-galactic mass. In addition, the presence of the
Milky Way and LMC in close proximity to the SMC alter the dynamics of the system. The Magellanic
Stream and Leading Arm are evidence of tidal and/or ram pressure interactions between the LMC/SMC
system and the Milky Way.18 The tidal radius of the SMC is difficult to determine given the complex
interaction with the LMC, uncertainties in the relative masses of the SMC, LMC and Milky Way, and
recent revisions in the proper motions of the Magellanic Clouds.19–21 Nonetheless, estimates of the
SMC tidal radius based on past orbital models22 or recent observations of extended stellar structures in
the SMC23 lie in the range 2− 5 kpc. Similarly, the ram pressure produced by the SMC’s passage at
v = 302 km s−1 through the Milky Way halo20 should exceed the SMC’s effective gravitational pressure
(gravitational force per unit area) outside a ram pressure stripping radius, rstr, of 2−4 kpc. We observe no
evidence of a radial limit for the H I outflow features within our field-of-view. It therefore seems likely
that most of the exo-galactic H I observed will not return to the SMC as fountain gas. Both tidal and ram
pressure formation models for the Magellanic Stream24, 25 have found it difficult to extract sufficient mass
from the LMC and SMC to fully account for the mass and shape of the Magellanic Stream and Leading
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Arm. The stellar feedback driven outflow described here may help release significant gas quantities from
the SMC’s gravitational potential so that it can be distributed throughout the Magellanic System.
The ratio of the total mass flux to the total star formation rate, M˙tot/SFR gives the mass loss efficiency.
The star formation rate in the SMC during the period 25 - 60 Myr ago when the exo-galactic gas was
launched was on order SFR = 0.15 M yr−1.3, 4 Therefore, the mass loss efficiency of H I alone is
M˙HI/SFR = 2−10, depending on assumptions about launching timescale and volume filled. The FIRE
simulations of feedback in resolved dwarf galaxies like the SMC predict a total mass loss efficiency (H I +
ionized) that is M˙tot/SFR∼ 10−20.1 Those simulations also predict that atomic gas is a small fraction
(from 1−50% depending on density) of the total outflow mass. If this prediction holds in the SMC, the
H I mass flux we measure may be significantly underestimating the total mass flux. The large mass loss
efficiency of H I alone suggests that interacting dwarf galaxies are extremely effective at driving mass
loss. Ionized hydrogen associated with the outflow is much more difficult to trace, but the extended Hα
emission13, 14, as well as soft X-ray emission26, and O VI27 near the SMC all indicate that ionized gas is
present in the region North of the bar and suggest that the outflow may be pressure-driven. Even ignoring
the ionized gas outflow, the mass loss rate in H I alone, indicated by the features discovered here, would
be enough to completely quench star formation in the SMC in 0.6−3 Gigayears if it were sustained.
5/15
Methods
H I data were obtained with the Australian SKA Pathfinder (ASKAP) as part of Commissioning and Early
Science observations. This novel interferometer comprises 36 12-meter dishes, each equipped with a
phased array feed (PAF) at its focus, which allows it to form receiving beams electronically28 across its
∼ 30 deg2 field-of-view. This turns ASKAP into a powerful mosaicing instrument, capable of covering
large areas of the sky very quickly.
The data discussed here were observed with a 16 antenna sub-array of ASKAP on 2017 November 3,
4, 5. These data are among the first collected from a 16-antenna ASKAP (antennas: 1, 2, 3, 4, 5, 6, 10,
12, 14, 16, 17, 19, 24, 27, 28, 30). The array contained baselines between 22 m and 2.3 km. For these
observations 36 beams were formed on each antenna using the maximum signal-to-noise ratio method.29, 30
The beams were arranged in a hexagonal grid on the sky, spaced to optimise sensitivity31 and gave each
antenna an equivalent field of view of 20 square degrees. The SMC was observed for 12 hours on each
of three successive nights; the beam grid was shifted each night to give a resultant 108-point grid with
beams spaced by approximately 0.52 degrees, less than half the beam width and so satisfying the Nyquist
criterion for a complete sampling of the sky brightness distribution.32 The typical system temperature
over efficiency averaged over all beams for these observations was Tsys/η ≈ 75 K.
The observations were made over a 240 MHz band divided into 12,960 equal channels of 18.5 kHz
width. The data were calibrated with the ASKAPsoft pipeline33 according to the following steps. First, data
from a 20 MHz (1410-1430 MHz) band were selected and duplicated to form continuum and H I datasets.
A bandpass calibration was determined from a separate observation of the primary flux calibrator, PKS
B1934-638, and applied to both datasets. We formed a continuum image of the field from the continuum
dataset (with HI emission frequencies masked) and used it to self-calibrate the data, over several imaging
iterations, and so estimate the variation of antenna gains during the observation. Calibration of the
bandpass and antenna gain variations was performed separately for each of the 36 electronically formed
beams. These gain corrections were applied to the HI dataset.
After the calibration in ASKAPsoft, 200 channels (3.7 MHz) were exported into the Miriad data
reduction package for imaging. Data on the shortest baselines at low elevations experienced some degree
of shadowing and were therefore flagged in Miriad. The independent beams were treated as individual
mosaic pointings and imaged using traditional mosaicing techniques34, 35. The calibrated beams were
jointly imaged and deconvolved, allowing maximal recovery of the diffuse emission. The deconvolved
image was restored with a beam of 35′′×27′′ and velocities were shifted to the Local Standard of Rest
(LSR) frame. The restored ASKAP data cube was then combined in the Fourier domain with Parkes H I
data from HI4PI36 using standard Miriad techniques35 and a flux scale factor of 1.0. The combination of
single dish and interferometric data used here gives sensitivity to all physical scales from the resolution
limit of 10 pc to the 5.3 kpc width of the field of view. The final image cube was converted to brightness
temperature units assuming a filled beam and has an rms per 3.9 km s−1 spectral channel of σT = 0.75
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K. The new ASKAP data cover approximately 50% more sky area than the previous H I survey of the
SMC15, 35 with a beam area that is 0.1 times smaller.
The total outflow mass was calculated from a masked version of the final data cube. For each channel
in the data cube we used the FloodFill algorithm to mask the data from the location of the peak pixel
down to a lower threshold, which we set to 8σT , where σT = 0.75 K as measured in the emission-free
velocity channels of the cube. This step effectively masked the bright emission of the SMC in each velocity
channel, while maintaining the outflow features that were spatially and kinematically distinct from the rest
of the galaxy. The total column density of the outflow was then calculated from the zeroth moment of this
masked data cube for all pixels above 5σT and assuming optically thin emission, resulting in a total mass
of 1.3×107 M.
Data Availability
The data that support the plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.
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Figure 1. Peak H I brightness temperature intensity of the Small Magellanic Cloud from ASKAP and
Parkes. The image has a resolution of about 30 arcsec (8.7 pc) across the whole ASKAP field-of-view,
which spans ∼ 5.2 kpc. The colorscale uses power-law scaling with an exponent of 0.4 between 3 and 90
K. The SMC “bar“ is indicated by the solid black box and the ”wing” by the dashed black box. Arrows
indicate the directions to the Large Magellanic Cloud (LMC) and the Magellanic Stream (MS).
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Figure 2. Three-colour images of H I emission for four velocity ranges (vLSR = 105−113 km s−1,
129−136 km s−1, 144−152 km s−1, 179−187 km s−1). Red, green and blue are assigned sequentially
to adjacent velocities, each displayed between Tb = 1 K and 70 K using a “arcsinh“ scaling function. The
colorscale of all panels is the same. Anomalous velocity features are visible as distinctly colored features.
The feature at (α , δ ) ≈ 00h49m, −71◦15′ at vLSR = 105−113 km s−1 shows a strong velocity gradient of
∼ 20 km s−1 kpc−1 along its length as evidenced by the red-green-blue transition. The most massive (
4.5×104 M) single feature is the large encircled structure at vLSR = 105−113 km s−1. The green
“hooked“ shape arc to the North-East of the SMC Bar at 01h06m, −70◦50′, v = 129−136 km s−1 makes
up part of a non-contiguous shell (encircled with a dashed line) that matches with Hα , emission as shown
in Figure 3. Three of the “high-velocity“ cloud examples are seen as faint emission in the western part of
the v = 179−187 km s−1 panel, a region that otherwise appears empty.
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Figure 3. SMC Hα emission from the MCELS survey. The colour-scale has been saturated to enhance
the diffuse emission that extends from the star forming bar. Features of particular interest are the
filamentary structures that are enclosed in the red box and extend up through (α,δ )≈ 01h15m, −72◦00′.
These structures are highlighted in the right panel, which shows H I integrated over the velocity range
vLSR = 129−136 km s−1 in dark blue, overlaid with Hα emission in red. The Hα traces the eastern edge
of the non-contiguous H I shell described in Figure 2.
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Figure 4. Mean H I spectrum for the region to the north-west of the Bar, displayed as a function of LSR
velocity. The inset shows the SMC peak H I intensity image with the region used for this spectrum
indicated with a dotted line. The spectrum shows a clear extended line wing from vLSR ∼ 195 km s−1 to
vLSR ∼ 25 km s−1. Gas at velocities beyond vLSR > 212 km s−1 is beyond the estimated escape velocity
for the SMC. The total mass beyond the escape velocity, indicated by the grey filled area, is on the order
of 2.5×106 M. The grey hatched region shows gas which would exceed the escape velocity if we
assume a galaxy inclination angle of i = 40◦, resulting in a total escaped mass of 5×106 M.
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Figure 5. Supplementary Figure:Four additional “high-velocity” clouds shown in a three-colour image
of H I emission for the velocity range vLSR = 70−78 km s−1. Red, green, and blue are assigned
sequentially to adjacent velocities, each displayed between Tb = 1 K and 30 K using a “arcsinh” scaling
function. The faint emission of the “high-velocity” clouds are circled in the eastern part of the image.
Additional, uncircled H I features that are visible at these velocities connect to larger features at higher
LSR velocities or do not exceed a 3σ noise threshold for more than one channel.
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